Abstract. Philopatry to stopover site and changes in body condition of migrating Reed Warblers Acrocephalus scirpaceus were studied in Bet Shean Valley, Israel, where warblers were netted throughout the year. Although the majority of birds were seen only once, the proportion of transients seen twice or more in different years is comparable to the figure for summer residents returning between years, indicating a high degree of philopatry among transients. Transients get heavier with longer duration of stay, up to about 15 days, after which body mass increase appears to level off at about 3 g. Change in body condition, taken to be body mass divided by wing length, also was noted, albeit of less significance. The mean date of arrival in the autumn of birds in their first year was about 20 days later than that of older birds. Reed Warblers use their time effectively to replenish their body mass and improve their condition before starting the dangerous crossing of the Sahara Desert.
body mass and improve body condition (Winker et al. 1992 , Morris et al. 1996 , sometimes showing an average daily gain of about 1.5% of body mass (Otahal 1995, Yong and Finch 1997) , others may undergo a decline in energetic condition during stopover (Winker et al. 1992 , Parrish 1997 .
Palearctic Reed Warblers (Acrocephalus scirpaceus) breed in Eastern Europe and Asia and over winter in East Africa as far south as Zambia (Cramp 1992) . Reed Warblers are abundant in reed beds, swamps, and near fish ponds in central and northern Israel, are easily captured in mist nets, and many individuals tend to return to the same locality every year. Two subspecies of the Reed Warbler occur in the western Palearctic: A. s. fuscus, which breeds in Russia, the Near East, and Iran, and A. s. scirpaceus, which breeds in Europe. The distinction between the two subspecies is based on feather coloration and is difficult to determine under field conditions (Dement'ev and Gladkov 1968), especially as geographical variation is slight and the races may intergrade in Turkey (Cramp 1992) and probably elsewhere in the Middle East. In Israel, both subspecies are common transients, passing through during spring and autumn, but A. s. fuscus also commonly breeds in Israel between April and June (Hovel 1987, Merom et al. 1999) . Reed Warblers are seen in Israel between mid-February and October, but some individuals may be seen in November. Both subspecies winter in sub-Saharan Africa where they finish their molt (Dowsett-Lemaire and Dowsett 1987) .
We report on philopatry for stopover site and changes in body condition of migrating Reed Warblers.
METHODS
Reed Warblers were trapped in mistnets by one of us (KM) in a fish pond area in Bet Shean Valley, northern Israel during 1986 . Netting took place about three times weekly between the end of February and the end of May and between August-October, and about twice weekly during the rest of the year. Nets (36 m) were erected for 2.5-3 hr, either during the morning, starting 30 min before sunrise, or during the evening, until about 30 min after sunset. All captured individuals were fitted with numbered aluminum rings, weighed with a Pesola spring balance to an accuracy of 0.1 g, and their wing cord measured to 0.1 mm using calipers. Age was noted according to the EUR-ING code to the following categories: (0) birds of the year, (1) first calendar year, (2) second calendar year, etc. Birds of the year are easily recognized by their fresh plumage, dark legs and eyes, and two white spots on the back of the tongue, and second and third calendar years birds by their paler legs and eyes which gradually turn brown. Body condition was calculated by dividing body mass by wing length. No individuals, whether summer breeders or transients, could be sexed.
We divided the captured specimens into four groups: summer breeders, transients, wintering, and ambiguous based on the date of their first capture. Broadly, to qualify as a summer visitor, birds had to be seen in May, June, or July, but were not disqualified if seen up to the end of August, although they could not be seen in September-November. To qualify as a transient, the bird had to be seen between 16 August and 30 November, with no other observations after 1 May or before 1 August. Both summer visitors and transients seen between 1 December and 1 May retained their defined status, except for those seen only outside the winter period, which were classified as ''wintering.'' Birds observed in both summer and autumn were classified as ''ambiguous;'' the majority of these were seen only in August. Table 1 presents these categories and the number of observed individuals in each.
It was not possible to make meaningful comparisons between ''spring'' and ''autumn'' migrations as the majority of the 177 birds seen during early spring appeared to be summer residents. Only nine definite transients were observed, and only one of these was captured more than once during the same season, implying that transient individuals did not remain for very long in the study area during spring migration. Hence, the results of this study are from summer breeders and autumn transients.
We analyzed the data using t-test, 2 test, polynomial regression, and ANOVA.
RESULTS

SITE FIDELITY
A total of 9,085 warblers were captured and ringed between 1986-1994. Although the majority of birds were seen only once, an appreciable number of transients (123/2,593) were seen in subsequent years. If one considers only those specimens observed more than once, the proportion of transients (27/123, or 22%) seen more than twice is comparable to the figure for summer residents (210/773 or 27%). These proportions do not differ significantly ( 2 test pooling 3 or more years of return, 2 2 ϭ 0.6, P ϭ 0.72). Although the vast majority of birds were seen only during one season, the pattern for those seen over at least two seasons shows that roughly the same proportion of transients return as residents (pooling 5 or more returns, 2 3 ϭ 3.0, P ϭ 0.38). Thus, although fewer transient than resident individuals were caught, the proportion of each seen repeatedly remained the same.
BODY MASS GAIN AND BODY CONDITION
From wing length measurements (means Ϯ SE: summer breeders 63.7 Ϯ 0.4 mm, ambiguous 63.3 Ϯ 1.6 mm, transients 66.1 Ϯ 0.6 mm, wintering 66.3 Ϯ 0.7 mm), it would appear that ''winter'' birds are probably ''transients,'' whereas ''ambiguous'' individuals are more likely to be late migrating summer individuals. The longer wing length of transients is probably related to the fact that they breed farther north than summer breeders, and conforms with Allen's rule. In most of the following we have discarded winter and ambiguous individuals and use only the definite transients.
Transients get heavier with longer duration of stay, up to about 15 days, after which body mass increase appears to level off at about 3 g (Fig. 1) , an average (Ϯ SE) gain of 0.17 g (Ϯ 0.01) day Ϫ1 , which is equiv-FIGURE 2. Mean (Ϯ SE) arrival date of Reed Warblers caught at Bet Shean Valley during autumn migration. Birds of the year (marked 0) arrive significantly later than all other age classes, and are the only ones caught during October-November. Sample sizes are given above each data point.
alent to 0.2% of mean body mass (polynomial regression F 1,660 ϭ 396.2, P ϭ 0.001). The condition (body mass/wing) on arrival of birds who stayed Ͼ 10 days was significantly worse than that of birds staying 1-10 days (we omitted birds seen only once in a season from this analysis; t 252 ϭ 4.46, P Ͻ 0.001; we use an unpooled test here as the variance of the 1-10-day group was about twice that of the long stay group). This difference was entirely due to differences in body mass between the groups-they did not differ in wing length (t 705 ϭ 0.93, P ϭ 0.93).
There was a very slight tendency for birds arriving later in the season to be heavier by about 0.01 g day Ϫ1 (F 1,2606 ϭ 80.7, P ϭ 0.001).
We determined the first arrival date for those birds which could be aged accurately, and sought a correlation between arrival dates in successive years. The mean date of arrival of birds in their first year was about 20 days later than that of older birds (Fig. 2) . In fact, nearly all adult transients were seen in late August and September, with only birds of the year being seen in October and November.
There was a weak correlation between date of arrival in the first year of life and that of the following year (r ϭ 0.31, n ϭ 41, P Ͻ 0.05). There were no significant correlations in any other pair of ages, but this could be due to the very small sample size for birds over the age of two.
DISCUSSION
The similar proportion of transient and summer resident warblers recaptured at the same site (a single small reedbed), indicates a high degree of philopatry among transients. Reed Warblers are known to be philopatric to both their breeding (56% in a Jersey, United Kingdom, population; Long 1975) and wintering grounds (13.6% in an Ugandan site, Pearson 1972, Dowsett-Lamaire and Dowsett 1987) . If they also are generally philopatric to their stopover sites, as shown in this study, this may indicate that they spend most of their lives in familiar sites during breeding, wintering, and even stopover sites during migration.
Adult Reed Warblers arrive earlier than juveniles, probably because they already know where they are going, while juveniles are finding their way, foraging as they go. Some support for this view comes from the fact that fat scores of juveniles increased from September to November. Another factor which may contribute the late arrival of juveniles is competition with adults in stopover sites, which may reduce foraging efficiency of juveniles. The almost total temporal separation of juveniles and adults in stopover sites (adult transients were seen in late August and September, with only birds of the year being seen in October and November) means that there is no competition between these two groups.
Similar to some other species in various countries (Morris et al. 1996, Yong and Finch 1997) , Reed Warblers use their time effectively to replenish their body mass and improve their condition before starting the dangerous crossing of the Sahara Desert.
The very small recapture rate during spring migration may indicate that there is a selective advantage for migrants to make the return spring journey faster than the autumn one. This is probably due to the need to occupy a territory and ensure successful breeding. Shorter stay at stopover sites during spring also is possible because of the increased availability of suitable habitats as the birds travel farther north from the desert belt and into the Mediterranean region (Yom-Tov and Ben Shahar 1995), whereas during autumn, birds tend to stop longer in order to accumulate fat reserves for the desert crossing.
The accumulating evidence that individuals may use the same stopover sites during successive migrations has important implications for conservation (Yom-Tov 1993, Cantos and Telleria 1994) . This is especially true for birds with narrow habitat requirements, and those living in marshes, lakes, and other water-related habitats. For Palearctic species, access to water is particularly important before crossing the Sahara. Hence, wetlands and oases are crucial for the survival of many birds. In Israel, the number and size of wet habitats, such as swamps, rivers, and even temporary water pools, decreased considerably during this century (Yom-Tov and Mendelssohn 1988) , and similar phenomena occurred elsewhere throughout the Middle East. Thus, the intensive use of water resources throughout the Mediterranean region and the draining of swamps for agricultural use, threaten not only local avifaunas but also migratory birds.
Yoram Yom-Tov thanks Alex Kacelnik for his hospitality during various stopovers at Oxford. Thanks are due to Nomi Paz and an anonymous referee for comments. This study was partially financed by the Israel Cohen Chair for Environmental Zoology. Abstract. We studied the energy and protein balance of a Thrush Nightingale Luscinia luscinia, a small long-distance migrant, during repeated 12-hr long flights in a wind tunnel and during subsequent twoday fueling periods. From the energy budgets we es-net catabolism of protein during migratory flight along with that of fat may reflect a physiologically inevitable process, a means of providing extra water to counteract dehydration, a production of uric acid for anti-oxidative purposes, and adaptive changes in the size of flight muscles and digestive organs in the exercising animal. Many birds migrate huge distances between breeding and wintering areas. Estimates of the power requirements for migratory flights and the composition of the body stores that fuel these flights are the prime physiological parameters required for proper understanding of ecological and evolutionary constraints acting on migratory birds. Aerodynamic models (Pennycuick 1989 ) are frequently applied to estimate flight power and flight range for migratory birds. Yet, these models require testing and their validity is under continuous discussion (Pennycuick et al. 1996 , Pennycuick 1998 . Although power requirements for flight have been measured in many different species of birds (Masman and Klaassen 1987, Norberg 1996) , the power requirement for long-distance migratory flights has never been measured. Therefore, calculations on flight duration and range for migrating birds are still handicapped by an insufficient scientific basis.
For a long time it was thought that birds exclusively use fat to fuel their migratory flights (Odum et al. 1964 ). This concept makes sense, because fat is by far the most energy-dense substrate available to birds (Blaxter 1989) . Accordingly, the energy cost of transporting fuel could be kept to a minimum (Pennycuick 1975) . However, recent compositional analyses of carcasses have shown that up to 9-15% of the body mass increase of migrants prior to migration consists of (dry) protein (Lindström and Piersma 1993, Klaassen and Biebach 1994) . Studies of blood metabolites of birds trapped during active migration (Jenni-Eiermann and Jenni 1991) , and of energy and nitrogen balance experiments during starvation and subsequent refueling of captive birds in migratory disposition Biebach 1994, Klaassen et al. 1997) , also indicate that protein is lost during the migratory act. It has been suggested that a protein loss during flight may be due to a physiologically inevitable process (Dohm 1986, Jenni and Jenni-Eiermann 1998) , is a means of providing extra water to counteract dehydration (Klaassen 1996) , and may reflect adaptive changes in the size of flight muscles and digestive organs (Piersma and Lindström 1997) . However, hardly any detailed information exists on birds studied during and after long migratory flights.
We trained a single, juvenile, hand-raised Thrush Nightingale Luscinia luscinia to fly for extended periods in a wind tunnel. The Thrush Nightingale is a long-distance migrant species that breeds in northeastern Europe and winters in southeastern Africa (Cramp 1985) . Detailed data on metabolism during migratory fuelling of Thrush Nightingales are available for comparison Biebach 1994, Klaassen et al. 1997) . The bird flew a total of 176 hr at 10 m sec Ϫ1 in flights lasting up to 16 hr and thus traveled an air distance of 6,300 km, which is comparable to the distance between the species' breeding and wintering area. The impacts of these long flights on the basal metabolic and intake rate of the bird during recovery are presented in Lindström et al. (1999) . Here we present an estimate of the bird's flight power using an energy balance method (Masman and Klaassen 1987) , which is accurate and allows the bird to fly freely without any measuring devices attached. The composition of the body stores to fuel the flight, in terms of fat, protein, and water, was estimated by compiling energy and nitrogen balances during the flights and the following recovery periods in which the bird regained lost body stores. We found a significant protein turnover during this simulated migratory flight and a flight power that is lower than that measured in nonmigrants of comparable size and wing-shape.
METHODS BIRD, HOUSING, AND TRAINING
Our focal bird was a hand-tame juvenile Thrush Nightingale. For the origin of the bird and housing conditions prior to and in-between the experimental trials, see Lindström et al. (1999) . Technical details of the wind tunnel, specially designed for studies of bird flight, are presented by Pennycuick et al. (1997) . The flight training began by having the bird sit on a stick in the test section, thereafter it was released in the air flow by removing the stick. By gradually increasing the duration between the moment the stick was removed and the moment the stick was re-offered, the bird soon flew for extended periods. After several successful flights lasting 0.5-2 hr, we decided to try to have the bird fly for a number of 12-hr periods, allowing comparison with migratory flights in free-living Thrush Nightingales. Initially, we intended to have the bird fly at night (the species is a night migrant), but during early attempts the bird did not fly properly under the dusk-like conditions we offered.
FLIGHTS
The principal objective of our study was to have an unrestrained bird fly in the wind tunnel for a long period, resulting in a considerable loss of mass. During the flight, dropping collection (see below) would monitor protein content of the body stores used to fuel migratory flight. During the subsequent period of recovery, the energy and protein balance would be monitored by a combination of indirect calorimetry and feeding balance (see below). For the recovery period we assumed that the bird restored what it had lost during the flight (Masman and Klaassen 1987) . The energy and protein balance during the recovery would thus provide insight into the composition of the substrate catabolized during flight. Finally, the energy balance would allow the calculation of the energy requirements for flight (Masman and Klaassen 1987) .
Each trial (cycle of mass loss and recovery; Fig. 1 ) lasted three full days, commencing with a 12-hr flight session followed by 12 hr of night rest and 48 hr of recovery. Seven trials were conducted between 18 September and 10 November 1995 (always running from Monday morning until Thursday morning). Food was removed from the bird at least 12 hr prior to the FIGURE 1. Outline of the 3-day experimental trial with a Thrush Nightingale that was initialized by a 12-hr flight in a wind tunnel followed by a 12-hr period of night rest and concluded by a 48-hr recovery period. Indicated is the period during which the bird was in the metabolic chamber for the monitoring of its metabolism, the periods of food availability, and when the lights were on and off (black bars at bottom). A typical pattern of body mass change during the 3-day trial is depicted with filled circles marking actual body mass measurements and open circles marking estimated evening body masses (when the bird was not weighed).
flight, ensuring that the bird was post-absorptive at the start of the trial (Klaassen and Biebach 1994) . This procedure guaranteed that the bird used its body stores to fuel its flight. Starting migration with an empty stomach is a regular phenomenon in migrating birds. Wind speed (and thus flight speed) was set at 10 m sec Ϫ1 , which was estimated to be close to the predicted maximum range speed of the bird (Pennycuick 1989) ; it also seemed to be the most comfortable speed for the bird to fly at. Body mass is expected to influence flight power (Pennycuick 1989) . We therefore fed the bird during the days preceding each trial in such a way that body mass at the start was similar for all trials.
After weighing the bird to the nearest 0.01 g, the experimental trial started with the 12-hr flight at 09:00. Every second hour the bird was taken out of the wind-tunnel test section for weighing, which took 1-3 min. During flight, each defecation was recorded and, except for the first experiment, every dropping on the floor of the test section was marked with a numbered adhesive label. Each flight lasted 12 hr. During flights, ambient temperature varied between 16 and 23ЊC, humidity between 5 and 15 mg L Ϫ1 , and air density between 1.20 and 1.23 kg m Ϫ3 . Presumably, these conditions did not induce heat stress nor dehydration stress in the flying bird (Kvist et al. 1998 ). The morning following a flight session, all droppings were collected and pooled over flight intervals 0-2 hr, Ͼ2-4 hr, Ͼ4-6 hr and Ͼ6-12 hr. They were then oven dried at 70ЊC to constant mass, stored in a freezer, and later analyzed for organic nitrogen content using the Kjeldahl method.
RECOVERY
Immediately following the 12-hr flight session, the bird was given access to a bowl of water for 10 min while we recorded whether and how much the bird drank. Subsequently, the bird was placed in a 22 L metabolic chamber at 26.5ЊC, where it stayed for the remaining 60 hr of the three-day trial, with free access to water. It had access to food (mealworms) during the last 48 hr, and then only during the daylight period. Over these 48 hr, the bird regained the mass lost during the flight session and the night of rest following the flight. During the 12 hr of rest and the 48 hr of recovery, body mass, food consumption, excreta production, and oxygen consumption were monitored (for further details see Lindström et al. 1999) . From data on food consumption, energy expenditure, and excreta production during the 48 hr of recovery, we estimated the energy density and protein content of the mass increase.
CALCULATIONS ON COMPOSITION OF BODY STORES
The loss of protein during flight was calculated assuming 6.25 g protein per g nitrogen in the excreta (Blaxter 1989 ). The energy assimilation efficiency during recovery, Q, was calculated on a daily basis as
where G is the daily energy intake (kJ day Ϫ1 ; daily intake of mealworms [g] of only fat, stored in the adipose tissue (Johnston 1970) and 5.4 kJ g Ϫ1 when consisting of protein (assuming 77% associated water; Blaxter 1989) .
Except for the first of the seven recovery periods, nitrogen balances also were determined over the 48-hr recovery phase, giving us another estimate of the proportion of protein deposited during recovery from a migratory flight. Organic nitrogen contents of food samples and samples of the excreta produced over the 48 hr of recovery were measured by Kjeldahl's method. The nitrogen content of the mealworms was on average 86.5 Ϯ 4.3 mg N g Ϫ1 dry mass (range 80.3-91.6, n ϭ 8). The nitrogen content of the excreta was on average 202.5 Ϯ 5.7 mg N g Ϫ1 dry mass (range 189-209, n ϭ 12). These estimates, together with estimates of food consumption and excreta production during the recovery period, allowed for the calculation of daily nitrogen intake, nitrogen excretion and, thus, nitrogen retention. Protein content of the restored tissue was calculated from nitrogen content using 6.25 g protein per g nitrogen (Blaxter 1989) . Statistics were carried out using SYSTAT (Wilkinson 1992) . Values presented are means Ϯ SD.
CALCULATIONS ON POWER REQUIREMENT FOR FLIGHT
The energy balance during each three-day trial is summarized as follows:
where I 48 is the total net energy intake (kJ) and E 60 the total energy expenditure (kJ) during the complete twoand-a-half day (60 hr) recovery period following flight, ⌬m d is the mass change over the whole trial (i.e., from onset of flight to end of recovery [g]), ␣ d is the energy density of ⌬m d (kJ g Ϫ1 ), t f is the flight time in the wind tunnel (sec), and ␤ is the power requirement for flight (Watt). In this equation, I 48 , E 60 , and ⌬m d are contaminated by error, whereas t f is not. In the estimation of ␣ d and ␤, the various error terms were taken into account using a covariance analysis of linear structural models (CALIS, SAS Institute Inc. 1996).
RESULTS
FLIGHTS
The repeated long flights of this Thrush Nightingale are unprecedented in wind-tunnel studies of birds. Important reasons for the good performance of our experimental bird are probably related to (1) the high quality of the wind tunnel, with very low turbulence levels (Pennycuick et al. 1997) , (2) the migratory bird being highly motivated through its endogenous drive for making long flights during this autumn migratory season, and (3) the bird being able to fly relatively unrestrained in a large test section. Up to 23 December 1995, the bird flew a total of 176 hr during trials and training flights and traveled a total air distance of 6,300 km. Hence, for the first time it was possible to study a bird carrying out the equivalent of a full migration.
Because the flight mode of a free-flying migrating Thrush Nightingale is not known, we cannot be sure that our bird flew in a representative way. During the first hour of flight, the bird sometimes moved around in the test section and made sudden movements. On some occasions, the bird then ended in the safety net in the rear of the test section, but flight was not interrupted for more than 15 sec. However, despite these small irregularities, there are good reasons to believe that overall the wind-tunnel flights well represented what is happening in free-flying migrating Thrush Nightingales. Apart from the short interruptions during the first hour reported above, flight was stable and seemingly relaxed (Pennycuick et al. 1996) . The very long flights (up to 16 hr), all stopped at our initiative and with the bird showing no signs of fatigue, would not have been possible if the bird flew in an unnatural way.
COMPOSITION OF BODY STORES
The body mass at the start of the flights varied between 26.7 and 29.0 g (Table 1 ). During the flights, the bird lost on average 3.8 g, corresponding to 13.7% of the starting mass (range 12.8-15.0). In all cases the bird retained visible subcutaneous fat stores and stayed well above the assumed lean body mass of 22 g. The mass loss rate varied significantly over the flight period, being approximately 50% higher during the first 2 hr of flight than during the last 6 hr (repeated measures oneway ANOVA, F 5,25 ϭ 59.1, P Ͻ 0.001, Fig. 2A ). This may have been due to (1) a decrease in flight power with a decrease in body mass (Pennycuick 1975) , (2) a proportionally high catabolism of less energy dense fuels (glycogen or protein) during the first part of the flight (Rothe et al. 1987) , (3) an initial high voluntary water loss to reduce mass and flight costs (Klaassen 1995) , and (4) an emptying of the digestive tract and cloaca early in flight.
The rate of nitrogen loss also varied significantly with flight time, being lowest in the 2-4-hr interval (F 3,15 ϭ 6.7, P ϭ 0.004, Fig. 2B ). From the data on mass loss rate and nitrogen excretion, the average proportion of protein in the tissue catabolized during flight was estimated at 2.1 Ϯ 0.3%, but it varied significantly between flight intervals (F 3,15 ϭ 6.2, P ϭ 0.006, Fig.  2C ). Dehydration during flight would make our estimate too low. However, the bird did not drink to any large extent after the flights (0-0.21 g).
During the 48-hr recovery phase, the bird increased in mass with on average 5.35 g ( Table 1 ). The assimilation efficiency when eating mealworms was 0.791 Ϯ 0.009. From the data of body mass change, net energy intake, and energy expenditure, the energy density of the stored tissue was estimated to be on average 21.6 kJ g Ϫ1 ( Table 1 ). Assuming that the restored tissues consist of protein (associated with 77% water; Blaxter 1989) and fat exclusively, it indicates a protein content of the body stores of 11.6%.
Glycogen stores in migrating birds are generally thought to be small (Berthold 1993) . The highest values reported are those of Marsh (1983) , amounting to approximately 0.5% of total body mass. If the Thrush Nightingale catabolized a comparable amount of glycogen during flight, and restored all glycogen during the recovery period, glycogen may on average have comprised 2.7% of the 5.35 g body mass increase. Assuming that each gram of glycogen is associated with approximately 3 g of water, the energy density of this store is 4 kJ g Ϫ1 (Blaxter 1989 ) and its deposition would lower our estimate of protein content from 11.6 to 9.4%.
The nitrogen balance over the recovery period suggested a protein content of 16.8% of the body stores (Table 2) . Because excreted ammonia could have been lost when drying the excreta (Preest and Beuchat 1997) , and therefore nitrogen excretion underestimated, we measured the ammonia content in a number of droppings from Thrush Nightingales on the same diet Verdouw et al. (1978) . The ammonia content of the dry excreta was estimated at 1.77 Ϯ 3.22 mg N g Ϫ1 , which means that approximately 1% of the total N in the excreta is in the form of ammonia. Taking the loss of ammonia during the drying process into account, our nitrogen balance estimate of protein content in the restored tissue is reduced to 15.8%. The nitrogen loss in the form of ammonia had virtually no effect on either the protein content estimates from nitrogen excretion during flight or the energy balance during recovery.
However, it is well documented that in nitrogen balance studies of animals, nitrogen losses are often underestimated when protein is catabolized rather than stored, and nitrogen retention is overestimated during periods of protein storing (Duncan 1966 , Robbins 1981 . Applying this finding to our study, protein loss during flight would have been underestimated, and the protein proportion of stored fuel would have been overestimated. This would make the values of 2.1% and 15.8% converge towards the energy budget estimate of 11.6% dry protein. We suggest that the dry protein proportion of the stores of our Thrush Nightingale was around 10%. If accounting for the 77% water that is associated with protein (Blaxter 1989) , the (wet) protein content of body stores was about 43%. In terms of catabolic energy yield (assuming stores to consist of wet protein and fat exclusively), the contribution of protein is 10%. These figures are within previous estimates for birds (Jenni and Jenni-Eiermann 1998) . Clearly, body stores for migration partly consist of protein and there is a loss of protein during migratory flight.
POWER REQUIREMENT FOR FLIGHT From the energy balance data (Table 3) , the mean (Ϯ SE) power requirement for flight in the Thrush Nightingale was estimated at 1.91 Ϯ 0.07 Watts and the mean (Ϯ SE) energy density of the reserve tissue (␣ d ) at 13.3 Ϯ 11.6 kJ g Ϫ1 using eq. 3. The design of the experiment was chosen such that body mass at the start of the 3-day trial was almost identical to the body mass at the end of the trial. Variation in ⌬m d was therefore small, causing the large variation in ␣ d . ␣ d was not significantly different from the average ␣ 48 of 21.6 kJ g Ϫ1 estimated from the recovery energy budget (Table  1 ; t-test, t 6 ϭ 0.7, P ϭ 0.53). Setting ␣ d in eq. 3 to 21.6 kJ g Ϫ1 results only in a minor change in the estimated flight costs to 1.86 Watts. Thus, with our data the calculation of the power requirements for flight are rather indifferent to ␣ d . Although the seven trials were conducted with great care and accuracy, assuming systematic errors in the estimation of I 48 and E 60 of maximally Ϯ 5% would still result in power estimates in a rather narrow range of 1.54-2.27 Watts.
DISCUSSION PROTEIN CATABOLISM DURING MIGRATORY FLIGHT
Although we present data on one individual only, our study of a Thrush Nightingale migrating in captivity is the first to present direct evidence of protein loss during migratory flight. The involvement of protein during migratory flight was previously suggested by various studies. In birds trapped during active nighttime migration, and in homing pigeons (Columba livia), elevated uric acid levels in the blood indicated the use of protein during flight Jenni 1991, Schwilch et al. 1996) . In starving Thrush Nightingales, 5-9% of the body mass loss was dry protein (Klaassen et al. 1997) . Moreover, it has been shown repeatedly that protein is deposited prior to migratory flights (Lindström and Piersma 1993, Klaassen and Biebach 1994) , amounting to 6% in Thrush Nightingale (Klaassen et al. 1997) . Also, protein loss during endurance exercise in humans and other mammals is an established phenomenon (Dohm 1986 , Goldspink 1991 .
In the literature there are six possible explanations for protein loss during migratory flights: (1) protein turnover always occurs and a protein loss is due to an inefficiency in this process (Dohm 1986 ), (2) glucose availability is important for proper functioning of the nervous system and protein is the source for gluconeogenesis (Dohm 1986 ), (3) protein is a source of citric acid cycle intermediates (Dohm 1986 ), (4) protein catabolism plays a role in avoiding dehydration as protein results in a higher metabolic water yield per unit energy than lipid catabolism (Klaassen 1996 ), (5) protein loss is a result of an adaptive reduction in the size of the flight muscles (Pennycuick 1975) , and (6) protein loss is a result of an adaptive reduction in the size of the digestive system (Biebach 1998 , Piersma and Gill 1998 , Lindström et al. 1999 .
A seemingly unexplored aspect of protein breakdown during flight and a potential seventh explanation for this phenomenon, relates to the fact that uric acid, the main by-product of protein catabolism in birds, is an antioxidant (Keaney and Frei 1994) . Antioxidants detoxify free radicals, harmful molecules produced when aerobic cells consume oxygen. There is normally a higher production of free radicals than there are antioxidants, a state known as ''oxidative stress.'' Oxidative stress increases with amount of muscle work (Kehrer and Smith 1994) . Whatever the main cause of FIGURE 3. Measurements of power requirements of flight (Watt) in relation to body mass (g) for small birds in the range 10-60 g. Open symbols: data from the literature listed in Norberg (1996) . Data on birds flying in confined spaces, possibly influencing the flow pattern of the air around the wings are excluded from this data set. Flight power estimates from mass loss data are not included, as the many assumptions for reliable calculations of flight power from mass-loss data (Kvist et al. 1998) were not met. Black square: this study. Squares: non-aerial feeders. Circles: aerial feeders.
protein breakdown during flight, the accompanying high levels of uric acid in birds during flight (JenniEiermann and Jenni 1991) may help to defend the body against oxidative stress.
The seven explanations for protein loss listed above are clearly not mutually exclusive and several or all of them may act in concert. Whereas the proximate physiological causes put forward (# 1-3) may well be valid, we would like to stress the potential importance of an adaptive physiological flexibility when explaining protein loss in migrating birds. It may be of crucial importance to birds to optimize the use of energy and time during migration (Alerstam and Lindström 1990). Reversible changes in organ size could be one important component of such an optimization process (Piersma and Lindström 1997, Piersma 1998 ). Yet, the cause and exact origin of protein loss in migrating birds remains to be determined.
POWER REQUIREMENT FOR MIGRATORY FLIGHT
Few reliable flight power measurements are available for comparison with our estimate for the Thrush Nightingale and those that do exist all deal with nonmigrating birds (Masman and Klaassen 1987, Norberg 1996) . Compared to birds of similar mass and wing span, the flight power of the Thrush Nightingale is as low as for swallows (Hirundinidae; Fig. 3 ). This is surprising, because the aspect ratio, a measure of wing shape, of 5.3 of our Thrush Nightingale (Pennycuick et al. 1996 ) is much lower than that of swallows (7.2-7.7; C. J. Pennycuick and S. Kirkpatrick, pers. comm.). A high aspect ratio typically results in a low flight power and is characteristic for aerial feeders that spend a large part of the day on the wing (Norberg 1996) . Most likely, it is the nature of the flight during the various published experiments that explains why our Thrush Nightingale ends up amid the low cost aerial feeders. All studies depicted in Figure 3 measured birds that were either flying during short to very short periods of time, from a couple of seconds to a couple of minutes, often in combination with foraging. The question is whether our result is of general applicability and whether power requirements for migratory flight are lower than previously thought. If so, birds would be capable of migrating longer distances on their body stores.
Aerodynamic models are often used to calculate the flight costs for migratory birds. The model by Pennycuick (1989) is the most popular model used for this purpose. Using the default values recommended by Pennycuick (1989) , the model predicts a flight power of 2.38 Watts for a bird with the mass and wing shape of our Thrush Nightingale flying at 10 m sec Ϫ1 . This is 25% higher than our estimate of 1.91 Watts. However, with the recent modifications in body drag coefficient, as proposed by Pennycuick et al. (1996) , the calculated power would be 30% lower than our estimate. Thus, flight costs for migrants are currently predicted to be even lower than we measured in this study. Yet, despite the recent modification, the predictive value of Pennycuick's and other aerodynamic models is still under scrutiny, both with respect to their predictions of optimal flight speeds and how flight power changes with flight speed (Kvist et al. 1998) . The discrepancy between our results and the model predictions should urge us to continue amassing empirical flight data and to view the results predicted by current aerodynamic models with some caution.
